An analysis to evaluate the impact of multiple radar reflectivity data with a three dimensional variational 14 (3D-Var) assimilation system on a heavy precipitation event is presented. The main goal is to build a regionally-tuned 15 numerical prediction model and a decision-support system for environmental civil protection services and demonstrate 16 it in the central Italian regions, distinguishing which type of observations, conventional and not (or a combination of 17 them) is more effective in improving the accuracy of the forecasted rainfall. In that respect, during the first Special
Introduction

32
In the last few years, a large number of floods caused by different meteorological events occurred in Italy. These events mainly affected small areas (few hundreds of square kilometers) making their forecast very difficult. Indeed, one of the performance. So far, several studies about reflectivity data assimilation in heavy rainfall cases have been performed 76 (e.g. Ha et al. 2011 , Das et al. 2015 also including multiple radars data and in complex orography (e.g. Lee et al. 2010, allows synthesis, integration and comparison of information necessary for instrumental monitoring, models forecasting and to building real-time risk scenarios and their possible evolution. Rain gauges time series of some selected stations in these two cumulus parameterization schemes, the one producing the best precipitation forecast will be used to evaluate the impact of data assimilation.
It is worth mentioning that radar data can be affected by numerous sources of errors, mainly due to ground clutter, 177 attenuation due to propagation or beam blocking, anomalous propagation and radio interferences. This is the reason 178 why a preliminary "cleaning" procedure is applied to the measured radar reflectivity from the three radars before the 179 assimilation process, consisting of the following 3 steps:
180
 a first quality check of radar volumes to filter out radar pixels affected by ground clutter and anomalous 181 propagation. Furthermore, Z was corrected for attenuation using a methodology based on the specific 182 differential phase shift (K dp ) available for dual polarization radars (Vulpiani et al, 2015) ; moreover, reflectivity 183 is not corrected for partial beam blocking: all the data that are affected by partial beam blocking and clutter 184 have been filtered out; 185  volume reflectivity radar data, for each elevation, are projected onto the Cartesian plane in order to find the 186 closest radar bin for each Cartesian grid point and then they are interpolated by the 3D-Var code of WRF; 187  the minimum assimilated reflectivity is set to -20 dBZ; radar data. Nevertheless, a dynamical thinning has been devised that selects, for every assimilation cycle, the most forecasting and hydrology. In this context it is the procedure by which observations are combined with the product (first 
208
The minimization of the penalty function J(x), displayed by Equation (1), is the a posteriori maximum likelihood 209 estimate of the true atmosphere state, given the two sources of a priori data that are x b and y 0 (Lorenc, 1986) .
210
In this study the 3D-Var system developed by Barker et al. (2003 Barker et al. ( , 2004 is used for assimilating radar reflectivity and 211 conventional observations SYNOP and TEMP. The penalty function minimization is performed in a preconditioned 212 control variable space, where the preconditioned control variables are pseudo relative humidity, stream function, 213 unbalanced temperature, unbalanced potential velocity and unbalanced surface pressure. Because of radar reflectivity 214 assimilation is considered, the total water mixing ratio q t is chosen as the moisture control variable. 
219
where ρ and q r are the air density in kg/m 3 and the rainwater mixing ratio in g/kg, respectively, while Z is the co-polar 220 radar reflectivity factor expressed in dBZ. Since the total water mixing ratio q t is used as the control variable, a warm 221 rain process (Dudhia, 1989) is introduced into the WRF-3D-Var system to allow for producing the increments of moist 222 variables linked to the hydrometeors.
223
The performance of the DA system strongly depends on the quality of the matrix in Equation (1). In this study, a 224 specific background error statistics is computed for both domains for the entire SOP1 duration using the National
225
Meteorological Center (NMC) method (Parrish and Derber, 1992) . This technique estimates the initial state error using 226 differences of couples of forecasts valid at the same time, but with one of them having a delayed start time. One of the 227 advantage of this method is that it maintains information on the dynamic of the model itself, but it may not give the cycle, a delay of 24 hours between the forecasts (T+24 minus T+12) is used; nevertheless, this delay can produce overestimated correlation length scales compared to those needed by a variational data assimilation technique, because 231 of too dynamically evolved structures (Sadiki et al., 2000) . Since 3D-Var is applied to the Mediterranean area, B has to 232 take into account the scale of the motions of this orographic and meteorologically complex area: the model grid 233 resolution ranges between 12 km and 3km, therefore the errors have to describe the physical phenomena relative to 234 these scales. expensive, statistical technique (Efron & Tibshirani, 1993) for estimating parameters and uncertainty information, that 247 allows to make inferences from data without making strong distributional assumptions about the data or the statistic 248 being calculated. Therefore, the idea was to estimate CIs to set some bounds (bootstrap upper and lower confidence 249 limits) on the expected value of the verification score helping to assess whether differences between competing 250 forecasts are significant. 
254
The simulations on the coarser resolution domain (D01) are run from 12:00UTC of 13 September 2012 and integrated 255 for the following 96 hours, whereas runs on the finest resolution domain started at 00:00UTC of September 14 for a 256 total of 48 hours of integration. The previous coarser resolution WRF forecast at 00:00UTC is used as the first guess in 257 the 3D-Var experiment, because 00:00UTC has been selected as the "analysis time" of the assimilation procedure. After 258 assimilation, the lateral and lower boundary conditions are updated for the high resolution forecast. Finally, the new IC 259 and BC are used for the model initialization (in a warm start regime) at 00:00UTC. As already pointed out a set of 260 preliminary experiments are performed using different cumulus convective scheme to assess the best one to be used.
261
The following experiments are performed without assimilation and using the convective scheme on the coarser 262 resolution domain only: KAIN-FRITSCH (KF_MYJ); GRELL3D (GRELL3D_MYJ); GRELL3D associated with the 263 CUGD factor (GRELL3D_MYJ_CUGD). A summary of these numerical experiments is given in Table 2 : the best 264 performance is obtained by Grell3D scheme which is able to simulate the peak precipitation cumulated in 24 hours over support the previous finding and the simulation with cugd_avedx activated shows a significant performance in terms of uncertainty of the calculated scores than the other two simulations (not shown). Here after GRELL3D_MYJ_CUGD is referred as the control experiment (CTL) performed without any data assimilation. Therefore in Table 3 , together with CTL simulation, the following DA experiments are summarized: i) the assimilation 277 of conventional data only (CON); ii) the assimilation of reflectivity data from MM only (CONMM) are added; iii) the 278 assimilation of P55C radar reflectivity is added to the previous experiments (CONMMPOL); iv) the assimilation of the 279 third radar reflectivity data is added to the previous (CONMMPOLSPC). Finally, an experiment to assess the role of the 280 outer loop is performed (CONMMPOLSPC3OL): to include non-linearity into the observation operator and to evaluate 281 the impact of reflectivity data entering for each cycle, the multiple outer loops strategy is applied (Rizvi et al., 2008) .
282
According to this approach, the non-linear problem is solved iteratively as a progression of linear problems: the 283 assimilation system is able to ingest more observations by running more than one analysis outer loop.
284
In the following section the results will be presented and discussed following the rationale of the previously introduced 285 experiments and analyzing the uncertainty (confidence level of 95%) in the realized scores (Forecast Accuracy (ACC),
286
Frequency Bias (FBIAS), Equitable Threat Score (ETS), False Alarm Ratio (FAR)) for performance quantitative 
294
Observing the outputs of different experiments (Fig. 6 ), best simulation is found for CONMMPOLSPC_LR_12KM 295 (black arrow in Fig.6e ): the rainfall maximum over Campo Imperatore is very well simulated, however a slight cell 296 displacement at the border between Marche and Abruzzo regions is noticeable. The rain cumulated in 24 hours related 297 to this cell is around 300 mm. In the simulations shown in Figures 6b and 6f, this cell is reproduced, although its 298 position is shifted in another region. Furthermore, the precipitation pattern along the northern coasts of Abruzzo (black 299 oval) is also quite well forecasted. light and heavy rain regimes, respectively. These two thresholds have been chosen due to their higher statistical 303 significance than the other ones.
304
We obtained likely good values for ACC and FAR for all the experiments and for heavy rain regimes, strengthened by a 305 small uncertainty interval. On the other hand, for the lower threshold it can be seen that for all simulations the values of 306 FBIAS considering also the confidence intervals are greater than one. One possible interpretation of the impact of the around 1 mm/12h. to the top of figure 7 the CTL experiment on D02 is shown. Figure 7 where the strategy of outer loop is adopted (CONMMPOLSPC3OL*). In order to quantify the uncertainty associated to 317 these experiments, the bootstrap 95% confidence intervals for verification statistics ACC, FBIAS, ETS, FAR have been 318 summarized over tables (from 5 to 12) reporting again the two thresholds of precipitation: 1 mm/12h and 40 mm/12h 319 (light and heavy rain regimes respectively).
320
In order to investigate the impact of the assimilation at different resolutions, we analyze figure 7 by column and 321 comparing it with the available observations ( Fig. 2) using also the statistical analysis:
322
 column 1 (12KM): CTL produces an overestimation of the rainfall that is not corrected by the assimilation of 323 conventional data, but assimilating the reflectivity from the 3 radars and introducing the 3 outer loops ( Fig. 7 324 column 1 line 5) the main cells are better reproduced. MET indices in Table 5 suggest that CTL and 325 CON_HR_12KM have the widest spread between the CIs limits for higher thresholds, whereas 326 CONMMPOLSPC3OL_HR_12KM is the simulation with the best response, secondly CONMM_HR_12KM, 327 if we consider both the estimate of the scores and their uncertainty;
328
 column 2 (3KM): a partial correction of the rainfall overestimation compared to column 1 is observed 329 especially if reflectivity from all the radars are assimilated and the outer loop strategy is applied; the statistical 330 indices in Table 6 show CONMMPOLSPC3OL_3KM as the best experiment among the assimilated ones 331 because of competitive values of ACC at both thresholds and FBIAS and FAR for the light and heavy rain 332 thresholds, respectively; 333  column 3 (12KM_3KM): rainfall overestimation was partially corrected compared to columns 1 and 2 by all 334 the experiments; the MET statistics in Table 7 shows that CTL and CONMMPOLSPC3OL_12KM_3KM are 335 the experiments with better values and small uncertainty, especially for ACC and ETS scores, although there is 336 a quite broad spread in FBIAS of CTL experiment if we consider higher thresholds.
337
Summarizing, the previous analysis suggests that the frequency of rainfall overestimation for higher thresholds has been 338 reduced by radar reflectivity assimilation performed only on D01. Furthermore, improvements come out for heavy rain regimes when radar reflectivity assimilation has been performed on the highest resolution domain, whereas the the finest resolution domain (for instance one sounding on five total) than that the coarser one. The assimilation, 342 operated on both 12 km and 3 km, gives better results than the ones on column 1, but a worse response than the others 343 on column 2 is given for higher thresholds.
344
In order to examine the impact of the assimilation of different data and radars, we can now analyze the experiments With regard to the assimilation of reflectivity radar data, should be noted that P55C radar observation is shielded at the occurs; as a consequence a wrong estimation is given to the WRF model worsening the assimilation results. Also the outer loop strategy could have an important role in the assimilation procedure, but this latter needs a further 381 investigation because a general rainfall underestimation for higher thresholds is found.
382
The results of this section confirm that when there is a correlation between the observations and the first guess used, the 383 results of the data assimilation are poor, especially if no "special" observation is available on a wide area. The 384 assimilation of a large amount of surface data together with the radiosonde ones decreases the quality of the final 385 analysis produced. It probably depends on the different density of the surface and the three dimensional data of 386 radiosondes, as assessed by Liu and Rabier (2002) , being the former much larger than the latter. 
402
The major findings of this work have been the following:
403
 Grell 3D parameterization improves the simulations both on D01and D02 and the use of the spreading factor is 404 an added value in properly predict heavy rainfall over inland of Abruzzo and the rainfall pattern along the 405 northeast coast;
406
 investigating the impact of the assimilation at different resolutions, best results are showed by the experiments 407 where the data assimilation is performed on both domains 12 km and 3 km;
408
 the impact of the assimilation using different types of observations shows improvements if reflectivity from all 409 the radars, along with SYNOP and TEMP are assimilated; furthermore, MM is the one that gives better results 410 due to its excellent monitoring of the whole event;
411
 the outer loop strategy allows for further improving positive impact of the assimilation of multiple reflectivity while for other thresholds we have to be careful in drawing conclusions above all in the face of large uncertainty. application to mesoscale rain areas. Mon. Wea. Rev. 134, 1772 -1784 , 2006a for heavy rainfall over central Korea. Advances in Atmospheric Sciences, 28(3), 573-590. DOI: 10.1007/s00376- 
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